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Edited by Hans EklundAbstract The structure of Pseudomonas ﬂuorescens mannitol
2-dehydrogenase with bound NAD+ leads to the suggestion that
the carboxylate group of Asp69 forms a bifurcated hydrogen
bond with the 2 0 and 3 0 hydroxyl groups of the adenosine of
NAD+ and contributes to the 400-fold preference of the enzyme
for NAD+ as compared to NADP+. Accordingly, the enzyme
with the Asp69ﬁ Ala substitution was found to use NADP(H)
almost as well as wild-type enzyme uses NAD(H). The
Glu68ﬁ Lys substitution was expected to enhance the electro-
static interaction of the enzyme with the 2 0-phosphate of
NADP+. The Glu68ﬁ Lys:Asp69ﬁ Ala doubly mutated enzyme
showed about a 10-fold preference for NADP(H) over NAD(H),
accompanied by a small decrease in catalytic eﬃciency for
NAD(H)-dependent reactions as compared to wild-type enzyme.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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geometry1. Introduction
There has been much recent interest in the coenzyme speci-
ﬁcities of nicotinamide adenine dinucleotide-dependent
dehydrogenases as targets of metabolic pathway engineering
[1–4]. NAD(H) is normally utilized for catabolism and
NADP(H) for biosynthesis. Reactions catalyzed by dual spe-
ciﬁc, NAD(H) and NADP(H)-dependent dehydrogenases are
points of crosstalk between the two types of metabolism where
redox balancing between the coenzyme pools can occur. Indus-
trial cell lines oftentimes perform poorly when intracellular ra-
tios of NADH/NADPH and NAD+/NADP+ cannot be
controlled within the optimum window of bioprocess opera-Abbreviations: M2DH, D-mannitol 2-dehydrogenase; PfM2DH,
M2DH from Pseudomonas ﬂuorescens; PsPDH, phosphite dehydroge-
nase from Pseudomonas stutzeri; PSLDR, polyol-speciﬁc long-chain
dehydrogenases/reductases
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doi:10.1016/j.febslet.2007.12.008tion [5–7]. Dehydrogenases designed to alleviate coenzyme
imbalances must combine physiological substrate catalytic eﬃ-
ciency with tailored selectivity for utilization of NAD(H) com-
pared with NADP(H) [8].
Pseudomonas ﬂuorescens mannitol 2-dehydrogenase
(PfM2DH) exempliﬁes a large family of polyol-speciﬁc long-
chain dehydrogenases/reductases (PSLDRs) of microbial
origin [9,10]. The enzyme catalyzes reversible oxidation of dif-
ferent polyols including D-mannitol, D-arabinitol and D-sorbi-
tol by transferring their C2 hydride to NAD+ or NADP+
without the use of metal cofactors [11]. When assayed
in vitro at physiological pH, PfM2DH shows a 100-fold pref-
erence for reaction with NAD+ [11]. The 1.7 A˚ crystal struc-
ture of PfM2DH bound with NAD+ reveals that the side
chain of Asp69 from the N-terminal Rossmann-fold coenzyme
binding domain has a bifurcated hydrogen bond with the 2 0
and 3 0 hydroxyl groups of the adenosine of NAD+, as indi-
cated in Fig. 1 [12]. While this suggested that Asp69 is a likely
determinant of the particular coenzyme preference of
PfM2DH, it was also noted that the hydrogen bond geometry
in Fig. 1 was clearly diﬀerent from the bidentate bonding pat-
tern oftentimes seen in other NAD(H)-dependent dehydrogen-
ases of the Rossmann-fold type [13]. Because the energetic cost
of disruption will not be the same for the two modes of hydro-
gen bonding, consequences of site-directed replacement of
Asp69 cannot be inferred from relevant mutational studies of
the ‘‘bidentate binders’’. We therefore replaced Asp69 by Ala
and carried out a steady-state kinetic comparison of wild-type
and Asp69ﬁ Ala (D69A) mutant forms of PfM2DH, catalyz-
ing NAD(H) and NADP(H)-dependent interconversion of
mannitol and fructose. Fig. 1 locates the negatively charged
residue, Glu68, in relative proximity to the 2 0 hydroxyl group
of the adenosine of bound coenzyme. The side chain of the
Glu68 appears to be rather ﬂexible in the crystal structure, as
indicated by temperature factors of between 30 and 47 [12].
We therefore envisioned that alteration of the overall net
charge of the binding pocket resulting from a replacement of
Glu68 by Lys could facilitate accommodation of the 2 0-phos-
phate group of NADP(H). A Glu68ﬁ Lys, Asp69ﬁ Ala
(E68K-D69A) double mutant was therefore prepared and
characterized. The three enzymes cover a 104-fold scale of
coenzyme preference, ranging from NAD(H) in the wild-type
to NADP(H) in the E68K-D69A doubly mutated enzyme, that
resulted from the selective enhancement of the catalytic eﬃ-
ciency for the NADP(H)-dependent reactions caused by the
site-directed substitutions.blished by Elsevier B.V. All rights reserved.
Fig. 1. The binding site for the 2 0 and 3 0 hydroxyl groups of the
adenosine of NAD(H) in binary and ternary complexes of PfM2DH.
The relevant parts of crystal structures of PfM2DH bound with NAD+
(green; PDB ID: 1LJ8) and a ternary complex of the enzyme bound
with NAD+ and mannitol (gray; PDB ID: 1M2W) are overlayed [12].
The indicated distances are in A˚.
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2.1. Enzymes and other materials
Wild-type PfM2DH was produced and puriﬁed as described previ-
ously [11]. Molecular biology reagents were purchased from Fermentas
International Inc. (Burlington, Canada). All other materials were
obtained from Sigma–Aldrich (Gillingham, Dorset, UK) or Roth
(Karlsruhe, Germany).
2.2. Site-directed mutagenesis and preparation of PfM2DH mutants
A two-stage PCR protocol was used [14]. It employed Pfu DNA
polymerase along with one complementary pair of oligonucleotide
primers for each mutation. For the substitution Asp69ﬁ Ala, a
pETR241 plasmid expression vector containing the entire structural
gene of wild-type PfM2DH fused to a C-terminal His-tag [15] was used
as the template. The resulting plasmid harboring the Asp69ﬁ Ala
mutation was likewise applied for additional mutagenesis of
Glu68ﬁ Lys (E68K-D69A). The sequences of the direct primers were
as follows (with mismatched bases underlined):
D69A: 5 0-GCCTGCGCAGCGAGGCCCGCAAGGCCCGCG-3 0
E68K-D69A: 5 0-GTTGGCCTGCGCAGCAAGGCCCGCAAGGC-
CCGCG-30
The circular gapped ampliﬁcation products were electro-trans-
formed into competent cells of Escherichia coli JM109 and plasmid
mini-prep DNA eventually was subjected to dideoxy sequencing in or-
der to verify the sequences of mutated genes. Mutated proteins were
produced and isolated exactly as the wild-type enzyme [11], and their
purity was checked by SDS–PAGE. The level of production of func-
tional recombinant protein in E. coli was similar for the three mannitol
dehydrogenases and corresponded to about 50% of the total soluble
protein recovered in the crude E. coli cell extract.
2.3. Kinetic characterization of wild-type and mutant enzymes
Steady-state kinetic data were acquired at 25.0 ± 0.2 C in 100 mM
Tris/HCl buﬀer, pH 8.0, by means of absorbance measurements of ini-
tial rates at 340 nm (eNAD(P)H = 6.22 mM1 cm1) using a Beckman
Coulter DU 800 UV/Vis spectrophotometer featuring a temperature-
controlled six cell holder. BSA (1 mg/mL) was added to all buﬀers in
order to stabilize the mutants. It was proven that no activation or inhi-
bition of PfM2DH by BSA occurred. Enzymes were appropriately
diluted in 20 mM Tris/HCl buﬀer, pH 7.1, and reactions were always
started with enzyme. The molar concentrations of stock solutions ofpuriﬁed wild-type and mutated PfM2DH were determined spectropho-
tometrically by using a value of 55350 M1 cm1 for the molar extinc-
tion coeﬃcient of the enzymes at 280 nm, as deduced from their amino
acid sequences [16]. Lacking a method for titration of active sites, the
molar concentration of functional active sites [E] was assumed to be
the same as the measured molar protein concentration. Because all en-
zyme preparations were obtained and treated in exactly the same way
and displayed similar stabilities of their activities during storage (data
not shown), values of [E] for wild-type and mutant forms of PfM2DH
are without internal bias.
For determination of apparent kinetic parameters, initial rates were
recorded in the direction of mannitol oxidation as well as in the direc-
tion of fructose reduction. The concentration of the substrate (or the
coenzyme) was varied while the concentration of the coenzyme (or
the substrate) was held at a constant saturating concentration that ex-
ceeded the respective Michaelis–Menten constant by a factor of 120
(Kcoenzyme) or 20 (Ksubstrate). For full kinetic studies, initial rates were
measured at conditions of the substrate concentration being varied
at each of eight diﬀerent constant coenzyme concentrations. The con-
centrations of substrates or coenzymes were varied in a range of 0.01–
20-fold Ksubstrate or 0.01–120-fold Kcoenzyme. Maximum concentrations
used for mannitol, fructose, NAD(P)H and NAD(P)+ were 600 mM,
2.00 M, 0.30 mM and 10 mM, respectively.
Studies of product inhibition by NAD(P)+ and NAD(P)H were per-
formed at constant, saturating substrate concentrations corresponding
to 25–70-fold Ksubstrate. The inhibitor concentrations (0.01–46-fold Ki)
were varied at diﬀerent, constant coenzyme concentrations (0.10–38-
fold Kcoenzyme).
2.4. Experimental determination of equilibrium constants (Keq)
Values of Keq for NAD
+ and NADP+-dependent oxidations of man-
nitol (Eq. (1)) were obtained at 25 C in 100 mM Tris/HCl buﬀer, pH
8.0. Reaction mixtures contained 100 mM mannitol, 100 mM fructose
and 40–120 lM NADH or NADPH. After adding the appropriately
diluted enzyme, the decrease in absorbance at 340 nm due to the oxi-
dation of NAD(P)H was monitored until a constant absorbance value
was reached, typically after 15 min. The concentrations of all compo-
nents of the reaction mixture and hence the Keq were calculated
according to the following equation:
d-mannitol + NAD(P)þ $ d-fructose + NAD(P)H + Hþ ð1Þ2.5. Evaluation of experimental data
All data ﬁtting was performed by non-linear least squares regression
analysis using Sigma Plot 9.0 (Systat Software Inc., San Jose, USA).
Data from full kinetic studies were ﬁtted to Eq. (2), where v indicates
initial velocity; kcat represents the turnover number; [E], [A] and [B]
indicate the molar concentrations of enzyme, coenzyme and substrate,
respectively; Ka and Kb are Michaelis constants for coenzyme and sub-
strate, respectively; and Kia is the apparent dissociation constant of the
enzyme–coenzyme complex. Noteworthy, results of previous studies
have demonstrated that the kinetic mechanism of wild-type PfM2DH
is steady-state ordered whereby in each direction of the reaction, coen-
zyme adds to the free enzyme before the substrate binds [11,17]. Eq. (3)
was used to ﬁt results from inhibition studies and to calculate compet-
itive inhibitor binding constants Kic. [I] is the concentration of product
inhibitor. Eq. (4) describes the Haldane relationship for an ordered bi-
bi kinetic mechanism where K 0eq is the kinetically determined equilib-
rium constant.
v ¼ kcat½E½A½B=ðKiaKb þ Ka½B þ Kb½A þ ½A½BÞ ð2Þ
v ¼ kcat½E½A=fKað1þ ½I=KicÞ þ ½Ag ð3Þ
K 0eq ¼ ðkcat=KmannitolÞKiNADðPÞH=½ðkcat=K fructoseÞKiNADðPÞþ  ð4Þ3. Results
3.1. Preparation of mutated enzymes, and kinetic comparison of
wild-type and mutant enzymes
The D69A mutant and the E68K-D69A doubly mutated
enzyme were produced and puriﬁed to apparent homogeneity
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wild-type PfM2DH [11]. Isolated wild-type and mutant en-
zymes migrated as single protein bands and with similar elec-
trophoretic mobility in SDS–PAGE (data not shown).
Table 1 summarizes results of a full steady-state kinetic anal-
ysis at pH 8.0 for NAD(P)+-dependent oxidation of mannitol
and NAD(P)H-dependent reduction of fructose catalyzed by
wild-type PfM2DH and the two mutants thereof. K 0eq values
calculated by using the Haldane relationship (Eq. (4); see
Table 1) agree well with the corresponding experimentally
determined equilibrium constants for the enzymatic conversion
of mannitol into fructose (KNADðHÞeq ¼ 4:3 109 M; KNADPðHÞeq
of 4.6 · 109 M). The kinetic parameters in Table 1 are there-
fore self-consistent.
3.2. Analysis of the coenzyme preference in wild-type and mutant
forms of PfM2DH
The ratio of (kcat/KiNADP(H)Ksubstrate) to (kcat/KiNAD(H)
Ksubstrate) provides a kinetic expression for the coenzyme pref-
erence, NADP(H) compared with NAD(H), of the individual
enzymes in each direction of the reaction. The results shown
in Table 1 reveal a dramatic increase in the value of Rsel for
mannitol oxidation (Rselo) from 0.0023 in the wild-type to
0.49 in the D69A mutant and 16 in the E68K-D69A double
mutant. Likewise, Rsel values for fructose reduction (Rselr) by
the D69A mutant and the E68K-D69A double mutant were
raised 55 and 980-fold, respectively, in comparison to the
wild-type value of 0.0082. The range of Rselo and Rselr values
covered by the three enzymes was as large as 7000-fold where-
by PfM2DH was gradually changed from the stronglyTable 1
Kinetic parameters for wild-type PfM2DH and site-directed mutants thereo
Parametera Wild-type enzyme
NAD(H) NADP(H)
kcato (s
1)b 26 3c
KNADðPÞþ (lM)
b 2.3 · 102 2.4 · 104c
kcat=KNADðPÞþ (M
1s1) 1.1 · 105 1.3 · 102d
KiNADðPÞþ (lM)
e 1.4 · 102 1.4 · 104
KROH (mM)
b 6.3 3.2
kcat/KROH (M
1 s1) 4.1 · 103 9.4 · 102
kcat=ðKiNADðPÞþKROHÞ (s1 mM2) 29 0.067
Rselo
f 2.3 · 103
kcatr (s
1)g 1.0 · 102 11c
KNAD(P)H (lM)
g 21 5.4 · 102c
kcat/KNAD(P)H (M
1s1) 4.8 · 106 2.0 · 104d
KiNAD(P)H (lM)
g 44 1.3 · 102
KRO (mM)
g,h 0.31 1.4
kcat/KRO (M
1 s1) 3.2 · 105 7.9 · 103
kcat/(KiNAD(P)HKRO) (s
1 mM2) 7.3 · 103 60
Rselr
f 8.2 · 103
Keq (M)
i 4.0 · 109 1.1 · 109
aIndex o and r stands for mannitol oxidation and fructose reduction, respecti
Parameters are from triplicate experiments and have relative S.E. of <20%.
bApparent kinetic parameters.
cFrom ﬁts of the Michaelis–Menten equation to initial rates obtained under
(400 mM) was constant and the concentration of NADP+ or NADPH was v
dFrom the slope of the linear plot of initial rates against the concentrations
eFrom product inhibition studies and ﬁts of the data with Eq. (3).
fRsel = [kcat/(KiNADP(H)Kb)]/[kcat/(KiNAD(H)Kb)], where Kb is KROH or KRO.
gFrom full kinetic studies and ﬁts of the data with Eq. (2).
hValues corrected for the percentage of free carbonyl species (1%) in an aqu
iKeqð¼ K 0eq½HþÞ is the pH-independent equilibrium constant. K 0eq was calcula
form of fructose.NAD(H)-preferring wild-type enzyme to the dual speciﬁc
D69A mutant that utilized NAD(H) and NADP(H) with sim-
ilar catalytic eﬃciencies and eventually to the NADP(H)-pre-
ferring double mutant.4. Discussion
Evidence from crystallographic and site-directed mutagene-
sis studies portrays a common theme of structure and speciﬁc-
ity in coenzyme binding domains of NAD+-dependent
dehydrogenases that feature the typical Rossmann-fold
[13,18,19]. The side chain of an Asp or Glu residue, usually
located at the end of the second N-terminal b-strand or on the
ensuing turn or loop, is utilized to discriminate strictly against
the presence of the 2 0-phosphate group in the bound coenzyme
[18]. Its bidentate hydrogen bonding with the 2 0 and 3 0 hydro-
xyl groups of the adenosine of NAD+ also confers substantial
speciﬁcity for the catalytic reaction with NAD+, the exact
amount of which however appears to be variable among indi-
vidual dehydrogenases [13]. Mutational analysis of the coen-
zyme binding pocket of PfM2DH represents the ﬁrst such
study of a member of the PSLDR family of enzymes. Aside
from the successful engineering of the coenzyme preference
of PfM2DH, the results are generally relevant as they delineate
the role of an alternate, bifurcated bond geometry in the con-
served interaction between the acidic residue of the Rossmann-
fold domain (Asp69) and the 2 0 and 3 0 hydroxyl groups of the
adenosine of NAD+ in determining the enzymatic selectivity
for utilization of NAD(H) compared with NADP(H).f, determined at pH 8.0 and at 25 ± 0.2 C
D69A singly mutated
enzyme
E68K-D69A doubly
mutated enzyme
NAD(H) NADP(H) NAD(H) NADP(H)
15 24 4.6 12
5.4 · 102 4.9 · 103 5.0 · 102 1.7 · 102
2.8 · 104 4.9 · 103 9.2 · 103 7.0 · 104
1.9 · 102 8.5 · 102 1.0 · 102 22
6.3 4.5 9.7 7.2
2.4 · 103 5.3 · 103 4.7 · 102 1.7 · 103
13 6.3 4.7 76
0.49 16
60 1.4 · 102 16 48
26 1.5 · 102 11 1.7
2.3 · 106 9.3 · 105 1.5 · 106 2.8 · 107
67 2.6 · 102 28 7.1
0.27 0.36 0.23 0.33
2.2 · 105 3.9 · 105 7.0 · 104 1.5 · 105
3.3 · 103 1.5 · 103 2.5 · 103 2.0 · 104
0.45 8.0
3.8 · 109 4.2 · 109 1.9 · 109 3.7 · 109
vely; index ROH and RO indicates mannitol and fructose, respectively.
conditions where the concentration of mannitol (24 mM) or fructose
aried in the range of 0.05–10 mM and 4–200 lM, respectively.
of NADP+ or NADPH.
eous solution of fructose.
ted with Eq. (4) using values of KRO uncorrected for the free carbonyl
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site-directed mutagenesis
Using single or multiple site-directed replacements that typ-
ically involved substitution of the conserved acidic residue by
an amino acid such as Ala, Ser, or Val, the catalytic eﬃciency
for the reaction with NADP(H) has been successfully im-
proved, sometimes by several orders of magnitude [3,20–25],
in a range of dehydrogenases originally speciﬁc for NAD(H).
At the same time, however, the eﬃciency for reaction with
NAD(H) was destroyed completely or substantially reduced
[3,21,22,24,25]. Speciﬁcity changes induced in the D69A
mutant and the E68K-D69A doubly mutated mannitol
2-dehydrogenase are outstanding as they feature functional
complementation of the wild-type enzyme regarding utilization
of NADP(H) in the absence of signiﬁcant disruption (66-fold)
of the original activity with NAD(H).
With the assumption that the ordered mode of substrate
binding ﬁrmly established for wild-type PfM2DH in each
direction of reaction [11,17] was not altered as result of the
site-directed substitution of Glu68 and Asp69, we analyze the
kinetic parameters in Table 1 on the basis of a common reac-
tion coordinate that involves binary enzyme complexes with
NAD(P)H and NAD(P)+ as well as central ternary complexes.
Comparison of kcat/KNADP(H) values in Table 1 reveals step-
wise enhancement of the rate constants for binding of NADP+
and NADPH brought about by sequential modiﬁcation of the
wild-type enzyme at positions 69 and 68. Note that coenzyme
binding to PfM2DH is probably a two-step process where en-
zyme–coenzyme complexes must isomerize prior to substrate
binding [11]. Because of this isomerization, the values of kcat/
K for the coenzymes are decreased to far below the diﬀusion
limit of 108–109 M1 s1. Mutation of Asp69 improved
kcat=KNADPþ and kcat/KNADPH by a factor of 38 and 47, respec-
tively. In relation to the D69A mutant, the E68K-D69A dou-
ble mutant showed a further 14 and 30-fold increase in
kcat=KNADPþ and kcat/KNADPH, respectively. The corresponding
values of kcat=KNADþ and kcat/KNADH were not strongly af-
fected in the two mutants (612-fold change). The dissociation
constant for NADP+ (KiNADPþ ) in the D69A mutant and the
E68K-D69A doubly mutated enzyme was decreased 16 and
620-fold, respectively, in comparison with KiNADPþ of the
wild-type. Eﬀects of site-directed replacements of Asp69 and
Glu68 on KiNADPH were not as pronounced as those on
KiNADPþ . Only in the E68K-D69A double mutant there is a sig-
niﬁcant enhancement of binding of NADPH in comparison to
the wild-type enzyme. Remarkably, Ki values for NAD
+ and
NADH in the D69A mutant and the E68K-D69A double mu-
tant were all in the same range as the corresponding parame-
ters for the wild-type. kcat/Kmannitol displayed only a
moderate change (69-fold) in response to mutation of Asp69
and Glu68, irrespective of whether NAD+ or NADP+ was
utilized as the coenzyme. By contrast, kcat/Kfructose for the
NADPH-dependent reaction was enhanced 49-fold as a result
of the replacement of Asp69. Except for KNADPH and KNADPþ
which were decreased up to 318 and 141-fold, respectively, in
comparison to the corresponding parameters of the wild-type,
all other Michaelis–Menten constants were not signiﬁcantly
aﬀected in either PfM2DH mutant. kcat values for NAD(H)-
dependent reactions decreased in the order wild-type enzy-
me > D69A mutant > E68K-D69A double mutant, displaying
a 6.3-fold change overall. Among the three enzymes, the
D69A mutant showed the highest kcat values for mannitol oxi-dation by NADP+ and fructose reduction by NADPH, featur-
ing an 8 and 13-fold increase in comparison to the respective
kcat values of the wild-type. The data in Table 1 can be used
to construct Gibbs free energy proﬁles for NADP(H)-depen-
dent interconversion of mannitol and fructose catalyzed by
wild-type and mutant enzymes of PfM2DH (not shown).
The analysis shows that the eﬀect of the site-directed replace-
ments is a rather uniform increase in binding energy available
to the catalytic reaction with NADP(H).
It is interesting to compare kinetic consequences of site-di-
rected substitutions of Glu175 and Ala176 in the coenzyme bind-
ing pocket of Pseudomonas stutzeri phosphite dehydrogenase
(PsPDH) with the ones observed here for D69A and E68K-
D69A mutated enzymes of PfM2DH. Step by step mutation
of Glu175 into Ala and Ala176 into Arg caused gradual change
in coenzyme preference from NADH (100-fold) in wild-type
PsPDH to NADPH (3.6-fold) in the E175A-A176R doubly
mutated variant thereof [23]. The original catalytic eﬃciency
of PsPDH for reaction with NAD(H) was only modestly
aﬀected by the two mutations. Sequence analysis and struc-
tural modeling implicate Glu175 in forming a hydrogen bond
with the 2 0 and 3 0 hydroxyl groups of the adenosine of bound
NAD+. However, in the absence of a high-resolution structure
for a binary complex of PsPDH, molecular details of the pro-
posed interaction remain uncertain.4.2. Coenzyme preference determined by electrostatics of the
binding pocket
Results of steady-state kinetic analysis support a structure–
function relationship where the negatively charged side chains
of Asp69 and Glu68 select against accommodation of the 2 0-
phosphate group of NADP(H) in the binding pocket. Substitu-
tion of Asp69 by Ala eliminated wild-type discrimination
against the utilization of NADP+, arguably reﬂecting removal
of both steric and electrostatic conﬂicts between the Asp69 side
chain and the 2 0-phosphate moiety of NADP+. The second
mutation Glu68ﬁ Lys brought about a further 30-fold shift
in coenzyme preference from NAD+ to NADP+, likely explica-
ble on account of the change in the overall net charge of the
binding pocket from -1 in the D69A mutant to +1 in the
E68K-D69A doubly mutated enzyme that should favor bind-
ing of the 2 0-phosphate. The bifurcated hydrogen bond from
Asp69 to NAD+ (Fig. 1) appears to reﬂect a mere accommoda-
tion of the interacting groups in the binding pocket but other-
wise, in stark contrast to observations made with relevant
single-site mutants of ‘‘bidentate binders’’ [3,21,24], does not
yield extra binding energy to facilitate reaction with NAD(H).
Asp69 belongs to an a-helix of a four-strand mixed b-sheet
that is appended to the classical six-strand parallel b-sheet.
Not only is the position of the Asp69 side chain in the structure
of PfM2DH uncommon among NAD(H)-dependent dehydro-
genases of the Rossmann-fold type [13,18], it also could be
somewhat plastic considering the suggestion from crystallo-
graphic studies [12] that residues 66–69 must undergo a confor-
mational change to allow dissociation of bound NAD+.
Structural ﬂexibility of the binding pocket harboring Asp69
could explain both the weak activity of the wild-type enzyme
with NADP(H) and the remarkable tolerance of the
NAD(H)-dependent activity to the site-directed replacement
Asp69ﬁ Ala. Judging from family-wide analysis of its conser-
vation pattern, Asp69 is suggested to determine preference for
P. Bubner et al. / FEBS Letters 582 (2008) 233–237 237reaction with NAD+ compared to NADP+ in about 85% of the
protein sequences currently classiﬁed as PSLDRs [9,10]. Posi-
tion 68, by contrast, is highly variable among PSLDRs, hence
Glu68 seems to be a distinct feature of PfM2DH.
Dual speciﬁc, NADP(H) and NAD(H)-dependent variants
of PfM2DH could lend themselves to diﬀerent applications
in biotechnology. When used for the stereoselective synthesis
of polyols from precursor ketoses [26–28], they oﬀer ﬂexibility
and scope concerning the integration with enzyme or whole-
cell systems for the regeneration of NADH and likewise,
NADPH. Redox balancing between the intracellular
NADP(H) and NAD(H) based on NAD(P)(H)-dependent
interconversion of mannitol and fructose might be a useful
strategy of metabolic engineering.
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